The DNA untwisting enzyme from cultured mouse cells or rat liver cells removes both negative and positive superhelical turns from a covalently closed circular DNA substrate (1, 2). A similar enzyme activity has now been identified in a wide variety of eukaryotic cell types and referred to as an w protein (3, 4), a DNA relaxing enzyme (5, 6), and a nicking-closing enzyme (7, 8) . As suggested by the latter name, these enzymes must act to introduce a transient.nick (break) in one strand of duplex DNA in order to effect the relaxation process. The reaction sequence can be formulated as follows: MATERIALS AND METHODS General. The sources for all the reagents and materials have been given (1, 11). The procedure for the preparation of 3H-labeled DNA of simian virus 40 (SV40) was the same as previously described (11) except the cells were labeled at 10 uCi/ml with [3H]thymidine (20 Ci/mmol). The specific activity of the DNA was 4 X 104 cpm/,gg. The procedures for the preparation of singly-nicked SV40 DNA by treatment with pancreatic DNase and for equilibrium centrifugation in GsCl-propidium diiodide (PrpI2) gradients have been described (11).
The DNA untwisting enzyme from cultured mouse cells or rat liver cells removes both negative and positive superhelical turns from a covalently closed circular DNA substrate (1, 2) . A similar enzyme activity has now been identified in a wide variety of eukaryotic cell types and referred to as an w protein (3, 4) , a DNA relaxing enzyme (5, 6) , and a nicking-closing enzyme (7, 8) . As suggested by the latter name, these enzymes must act to introduce a transient.nick (break) in one strand of duplex DNA in order to effect the relaxation process. The reaction sequence can be formulated as follows:
Free enzyme (E) binds to DNA to form an enzyme-substrate complex which is then reversibly nicked. During the lifetime of the nicked intermediate, free rotation of one strand of the helix relative to the other strand is possible (9) . The driving force for the relaxation process derives from the free energy associated with the superhelical turns in the closed molecule (10) .
Heretofore, the presence of a nicked intermediate has not
been demonstrated and its existence has only been inferred from the nature of the overall reaction. In this paper, evidence for a nicked intermediate in the untwisting reaction is presented.
MATERIALS AND METHODS General. The sources for all the reagents and materials have been given (1, 11) . The procedure for the preparation of 3H-labeled DNA of simian virus 40 (SV40) was the same as previously described (11) except the cells were labeled at 10 uCi/ml with [3H]thymidine (20 Ci/mmol). The specific activity of the DNA was 4 X 104 cpm/,gg. The procedures for the preparation of singly-nicked SV40 DNA by treatment with pancreatic DNase and for equilibrium centrifugation in GsCl-propidium diiodide (PrpI2) gradients have been described (11).
DNA Untwisting Enzyme. The procedure for the purification of the enzyme from rat liver nuclei is presented elsewhere (12) . Electrophoresis of the purified enzyme in polyacrylamide gels containing sodium dodecyl sulfate indicated that the enzyme was approximately 90% pure and has a molecular weight of 68,000. The enzyme fraction used in this study contained 44 Mig/ml of protein in 70 mM potassium phosphate buffer (pH 7.4) (K+ concentration 0.12 M), 1 mM EDTA, 0.5 mM dithiothreitol, and 10% glycerol. Enzyme activity was measured by the DNA filter binding assay, which is described in detail elsewhere (12 salt concentrations the reaction is slower, but activity is still detectable even in the absence of any added salt. However, no enzyme activity could be detected at KCI concentrations greater than 0.30 M (<0.3% the maximal activity). The lack of activity at higher salt concentrations may reflect the inability of the enzyme to bind to the substrate DNA, since Keller (6) (15, 16) . This fact serves as the basis of the assay for nicking by the DNA untwisting enzyme.
A sample of 3H-labeled SV40 DNA, initially containing 19% nicked circles, was treated for 5 min at 370 in the presence of 60 mM K+ with purified DNA untwisting'enzyme (final protein concentration was 22 ,ug/ml) (Exp.-2a, Table 1 ). Fig. 2a shows the distribution of labeled DNA after centrifugation in an alkaline sucrose gradient. Under these conditions 85% of the substrate DNA was nicked at the time the reaction was stopped with alkali, whereas no increase in the proportion of nicked DNA wa § observed in a parallel reaction carried out in 0.50 M K+ (Exp. 2b, Table 1 ). In the reaction carried out in low salt, the proportion of nicked DNA does not increase if the time of incubation is extended to 30 min (data not shown). This suggests that the observed nicking may be due to a constant level of nicked intermediate present during the course of the untwisting reaction and not due to an endonuclease contaminant in the enzyme preparation.
In order to rule out the possibility of an endonuclease contaminant, it is necessary to demonstrate that the nicks generated during the course of the reaction can be resealed. Analysis by CsCI-PrpI2 centrifugationBy banding the reaction products in a CsCl-PrpI2 gradient, one can determine the superhelix density (17) of the closed circular DNA in addition to measuring the extent of nicking. A reaction mixture similar to the one described in Exp. 2a in Table 1 was incubated at 370 for 5 min. In one aliquot of the mixture, the reaction was stopped by an alkaline treatment which completely denatured any nicked molecules while only partially denaturing closed circles. With this treatment, closed circular DNA returns to its native duplex structure after neutralization (see Materials and Methods). After centrifugation to equilibrium in CsCl containing PrpI2 (Fig. 3a) , the single-stranded DNA formed a band at the expected position (18) intermediate between the open and closed forms of the 14C-labeled marker SV40 DNA. From the amount of single-stranded DNA in the gradient, the substrate was calculated to be 79% nicked at the time the reaction was stopped, thus confirming the results obtained by alkaline sucrose gradient sedimentation.
It is noteworthy that the substrate DNA, which was closed at the time the reaction was stopped, had an increased buoyant density in CsCI-PrpI2 (Fig. 3a) , indicating that it was coml g l l l~~l (Fig. 3b) it can be seen that, even in the presence of 4.5 M CsCl, the nicked DNA was resealed. As expected, all of the closed circular DNA was completely relaxed. Dependence of nicking on DNA concentration A series of enzyme reactions were carried out with increasing DNA concentrations. As can be seen from Exp. 3, Table 1 , the proportion of nicked molecules present in the reaction mixture decreases as the DNA concentration is increased. Assuming that nicking is a random process, one can calculate, with the use of the Poisson distribution, the average number of nicks per DNA molecule in each reaction mixture. Multiplying this number by the DNA concentration yields the concentration of nicks in each reaction. After correcting for the preexisting nicks in the substrate DNA, it was found that the concentration of enzyme-induced nicks was independent of the DNA concentration over the range tested. This result suggests that the lowest DNA concentration used (3.4 ug/ml) represents a saturating level of substrate. The concentration of nicks in the reaction mixture corresponded to approximately one nick for every 100 molecules of enzyme present. From the loss of activity during purification and storage, we estimate that between 1% and 10% of the enzyme molecules in this preparation are active (unpublished experiments). Therefore, the reaction mixture contained between 1 and 10 active enzyme molecules per nick.
From the effects of DNA concentration described above, one can calculate that at a DNA concentration of 180 jfg/ml, the amount of nicked DNA in the reaction should only increase from the background level of 19% to a value of 24%. The observed increase (Exp. 4a, Table 1 ) is very close to the predicted value. This result suggested that the addition of a large excess of unlabeled DNA to the usual reaction mixture after 5 min of incubation might "chase" the labeled DNA out of the nicked intermediate. Exp. 4, Table 1 shows the results of such an experiment. At the end of 5 min, 79% of the labeled DNA (at 6.8 ,ug/ml) was found to be nicked (Exp. 4b, Table 1 ). At this time, the total DNA concentration was increased to 180 gg/ml by the addition of unlabeled DNA and the incubation continued for another 5 min. At the end of the incubation the amount of labeled DNA that was nicked had decreased to 44% (Exp. 4c, Table 1 ). This result indicates that at least some of the labeled DNA can be chased out of the nicked intermediate into closed circular DNA by the addition of excess unlabeled DNA. The failure to observe a decrease to the same level as was found in the reaction carried out initially in the presence of the high DNA concentration might be due to a slow rate for the closure step of the reaction. Alternatively, this result may be due to such a tight association of the enzyme with the substrate DNA that the same molecules are repeatedly nicked and sealed before the enzyme dissociates and becomes free to bind to other DNA molecules in the solution. Nicked DNA as a substrate for the enzyme We have previously shown that the DNA untwisting enzyme will not act as a ligase if provided with a substrate DNA containing a single-stranded interruption bounded by a 5'-phosphate and a 3'-hydroxyl (1). This experiment was repeated under the conditions of high enzyme concentration used here and the same result was obtained, even after incubations for up to 30 min at 37°. Although these data do not allow us to rigorously rule out other alternatives, we consider it likely that the enzyme is only capable of resealing the same nick that it generates. This hypothesis is consistent with the earlier suggestion that the enzyme might be covalently attached to one of the ends at the site of the nick, and in this way it would conserve the energy required for the closure step (1, 19 
